Objective: Insulin secretion (IS) declines with age, which increases the risk of impaired glucose tolerance (IGT) and type 2 diabetes mellitus (T2DM) in older adults. IS is regulated by the incretin hormones glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP). Here we tested the hypotheses that incretin release is lower in older adults and that this decline is associated with b-cell dysfunction.
A ging is associated with major changes in glucose metabolism. Various studies indicate that increasing age is accompanied by impaired glucose tolerance (IGT). The 2-hour plasma glucose concentration during an oral glucose tolerance test (OGTT) rises on average 5.3 mg/dL per decade (1) . The Baltimore Longitudinal
Study of Aging showed a progressive decline in glucose tolerance from the third through the ninth decade of life (2) . This decline in glucose tolerance with age also was evident in the National Health and Nutrition Examination Survey III, in agreement with recent estimates that approximately one-third of subjects aged $65 have diabetes (3) . The cause for the high prevalence of glucose intolerance and type 2 diabetes mellitus (T2DM) in the older population is not clear. Yet many factors have been implicated, including changes in fat distribution (4) , physical activity (5), muscle insulin sensitivity (6) , and b-cell function (7) .
A decrease in b-cell function with advancing age has been previously documented (8) . For example, b-cell responsiveness during a frequent sampled intravenous glucose tolerance test is lower in older nondiabetic subjects than in younger subjects (9, 10) . In addition, b-cell insulin response upon arginine stimulation also is impaired in older subjects (9, 10) . Despite these data indicating that aging leads to decreases in b-cell function, the cause of this age-dependent functional decline is not known. Some studies have found that b-cell mass declines with age (11) , although other studies have not reported such decline (12) .
Incretin hormones glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) regulate b-cell function and mass (13) . These peptides are secreted by the gut in response to nutrients, increasing insulin secretion rate (ISR) by b cells and reducing glucagon release (14) . Although T2DM and adiposity are associated with altered incretin release and b-cell resistance to both GLP-1 and GIP (15, 16) , it is unclear whether the decline in b-cell function seen in normal aging (i.e., in the absence of T2DM) also is associated with defects in incretin secretion.
The purpose of this study was to evaluate incretin hormone secretion in lean older subjects with either normal glucose tolerance (NGT) or IGT, compared with lean young subjects with NGT. We also examined whether possible age-related differences in incretin release are associated with changes in b-cell function. Because incretins increase b-cell function and mass (15), we hypothesized that aging leads to a reduced or impaired incretin release in response to glucose load and that this impairment would be associated with reduced b-cell function.
Methods

Subjects
We studied 40 young (18 to 30 years old) and 53 older ($65 years old) nondiabetic, nonobese subjects. Each subject underwent a medical history, physical examination, screening laboratory tests, and a 75-g OGTT. All subjects were sedentary (not more than one session of exercise per week) and community-dwelling. Subjects were not obese (body mass index = 23 to 26 kg/m 2 ) and did not have a family history (firstdegree relative) of diabetes. Body weight was stable (61 kg) for at least 3 months before enrollment. Subjects were not taking medication known to affect glucose metabolism. The study was approved by the Institutional Review Board of the University of Texas Health Science Center at San Antonio, and all subjects gave written voluntary consent.
OGTT
Plasma glucose, insulin, and C-peptide concentrations were measured at baseline and every 15 minutes for 2 hours after the ingestion of 75 g glucose; GLP-1 and GIP were measured every 30 minutes in samples collected in prechilled test tubes containing aprotinin and EDTA. Based on the OGTT, subjects from the older group were subdivided into NGT or IGT groups. All subjects in the young group had NGT. The incremental area under the curve (AUC) for plasma glucose and insulin during the OGTT was calculated with the trapezoidal rule (17) .
We calculated the homeostatic model assessment of insulin resistance (IR) index and the Matsuda index for insulin sensitivity, as previously described (18, 19) . The primary stimulus for ISR is the increment in plasma glucose in the first minutes after the glucose load. Thus, we calculated the insulinogenic index as the incremental AUC for plasma insulin concentration (DI) divided by the incremental AUC for plasma glucose concentration (DG) from 0 to 30 minutes and the late insulin response as DI/DG from 30 to 120 minutes. The prehepatic ISR was calculated by plasma C-peptide deconvolution using MLAB (Civilized Software, Inc.; Silver Spring, MD) (20, 21) . We also calculated the indexes of b-cell insulin secretion (IS), the rate sensitivity, that is, the IS in response to changes in glucose concentration, and the b-cell glucose sensitivity, defined as the slope of the dose response between ISR and glucose excursion, as previously described (22, 23) . The disposition index during OGTT was calculated as DI/DG 3 Matsuda index from 0 to 30 and 0 to 120 minutes, respectively (21, 24) . We also calculated the ratio of IS to IR, or IS/IR index, as DISR/ DG 3 Matsuda index (21, 24).
Laboratory analyses
Plasma insulin and C-peptide concentrations were measured by radioimmunoassay (Diagnostic Products, Los Angeles, CA), glucose was measured with the oxidase method on a Beckman analyzer (Beckman Coulter, Inc., Brea, CA), and hemoglobin A1c was measured with a DCA 2000 analyzer (Bayer Corporation, Tarrytown, NY). GIP was measured by radioimmunoassay with a C-terminally directed antiserum code #867, raised against a synthetic peptide corresponding to the C-terminus of human GIP (University of Copenhagen, Copenhagen, Denmark), thus measuring "total" GIP (intact GIP + the primary metabolite GIP 3-42). Total GLP-1 (intact GLP-1 + the primary metabolite GLP-1 9-36 amide) was measured by radioimmunoassay according to standards of synthetic GLP-1 7-36 amide and antiserum code no. 89390, which is specific for the amidated C-terminus of GLP-1 (University of Copenhagen, Copenhagen, Denmark). Plasma concentrations of total cholesterol and triglyceride were measured enzymatically (Boehringer-Mannheim, Indianapolis, IN). Plasma high-density lipoprotein cholesterol was measured enzymatically on Hitachi 704 autoanalyzer (Boehringer-Mannheim) after precipitation of chylomicron and very low-density lipoprotein and lowdensity lipoprotein (LDL) cholesterol by phosphotungstic acid precipitation. LDL cholesterol was calculated from the Friedwald equation.
Statistical methods
All continuous data (mean 6 standard error) and qualitative variables were expressed as percentages. The KolmogorovSmirnov test was performed to evaluate distribution of the variables. Comparison between groups (young vs old) was performed with t tests for quantitative variables with normal distribution and with MannWhitney U tests for those with nonnormal distribution. To compare more than two groups we used analysis of variance and Tukey's test for normally distributed variables and the Kruskal-Wallis procedure for nonnormal data distribution. Correlations between continuous variables were carried out with Pearson correlations for variables with normal distribution and Spearman for those with nonnormal distribution.
Results
Subject characteristics
We studied 93 subjects subdivided into three groups according to age and degree of glucose tolerance: young subjects with NGT (Y-NGT; n = 40, mean age 25 years), older subjects with NGT (O-NGT; n = 32, mean age 72), and older subjects with IGT (O-IGT; n = 21, mean age 77). Anthropometric and metabolic characteristics of the subjects are shown in Table 1 . Sex distribution and body mass index were not statistically different between the three groups. Total and LDL cholesterol concentrations were higher in older IGT compared with NGT subjects (both Y-NGT and O-NGT), whereas highdensitylipoprotein cholesterol and triglycerides were similar in all groups. Fasting plasma insulin was similar in the three groups, whereas the fasting plasma glucose was slightly but significantly higher in both older groups (O-NGT, O-IGT) than in the Y-NGT group ( Table 1 ). The glucose AUC increased progressively from Y-NGT to O-NGT to O-IGT (Fig. 1A) .
Indexes of insulin sensitivity
The homeostatic model assessment of IR, which represents primarily hepatic insulin sensitivity, was not significantly different between the three groups ( Table  2) . Peripheral insulin sensitivity, calculated with the Matsuda index, was similar among NGT subjects (i.e., O-NGT and Y-NGT) but was significantly lower in the O-IGT group (P , 0.05 vs Y-NGT) ( Table 2) . DG 0-120 was significantly higher in the O-IGT group than in both Y-NGT and O-NGT groups. The O-IGT group displayed a significant increase in glucose concentrations, particularly from 30 to 120 minutes (Table 2, Fig. 1A) .
Insulin response to a glucose load
Plasma glucose concentrations were similar in all subjects in the first 30 minutes of the OGTT (Fig. 1A) ; glucose concentrations of O-NGT overlapped those of Y-NGT, whereas in O-IGT glucose concentrations were higher (Fig. 1A) . The early incremental plasma insulin response (both DI 0-30 and DISR 0-30 ) to the OGTT was reduced only in O-IGT vs Y-NGT (Fig. 1B and 1C) , whereas IS from 30 to 120 minutes (DI and DISR ) was increased in the O-IGT group (Table 2) . Because older subjects had a late response in IS, both DI 0-120 and DISR 0-120 were similar in the three groups (Table 2) .
b-Cell function
We have calculated rate sensitivity (i.e., the IS in response to changes in glucose concentration) and the b-cell glucose sensitivity (i.e., the slope of the dose response between ISR and glucose excursion) as previously described. The b-cell glucose sensitivity was reduced only in the O-IGT group. Also, the disposition index and the IS/IR index were reduced only in the O-IGT group, whether calculated in the first 30 minutes or throughout the OGTT (Table 2) . Incretin secretion GLP-1 secretion was significantly higher in both older groups than in the Y-NGT group (GLP-1 AUC 0-120 was 2.8 6 0.1 in Y-NGT, 3.8 6 0.5 in O-NGT, and 3.7 6 0.4 nmol/L$120 minutes in O-IGT; P , 0.05). There was no difference in GLP-1 secretion between older groups (Fig. 2A) . GIP secretion was significantly higher in the O-NGT group (AUC 0-120 6.0 6 0.4 nmol/L 3 120 minutes) than in the Y-NGT and O-IGT groups (4.7 6 0.3 and 4.8 6 0.3 nmol/ L 3 120 minutes) (Fig. 2B) . Even though the main effect of aging on b-cell function is most evident in the first 30 minutes of the OGTT, the GLP-1 AUC in the last 60 minutes of the curve remained significantly higher in O-NGT compared with Y-NGT subjects, suggesting a compensatory response of GLP-1 secretion in O-NGT. We analyzed the relationship between incretin secretion and insulin response by plotting the incremental incretin concentrations in the first 60 minutes vs the incremental ISR. We observed that O-IGT had higher GLP-1 secretion than Y-NGT but significantly lower ISR than both Y-NGT and O-NGT groups (Fig. 2C) . O-NGT and Y-NGT had similar ISR response in the first hour, but GIP secretion was higher in O-NGT, perhaps indicating lower sensitivity to GIP in older subjects (Fig. 2D) . On the other hand, O-IGT had lower GIP and ISR during the first 60 minutes of the OGTT compared with O-NGT (Fig. 2D) .
Discussion
We investigated the relationship between age-related changes in b-cell function with incretin secretion in response to oral glucose. The loss of first-phase IS (firstphase ISR) is one of the earliest abnormalities observed in glucose-intolerant people (25) (26) (27) . Chen et al. (9) demonstrated that older subjects may lose first-phase ISR and have a delayed insulin response in the first hour after an oral glucose load. In this study, the first-phase insulin response (measured as DISR/DG and DI/DG during the first 30 minutes of OGTT; Table 2 ) was lower in O-IGT but not in O-NGT compared with Y-NGT subjects. Similarly, O-IGT subjects had a lower 0-to 120-minute b-cell response. We investigated whether the impairment in insulin release seen in O-IGT subjects is caused by reduced incretin secretion. Against our prediction, we found that the incretin response was exaggerated in the older subjects (both O-NGT and O-IGT) compared with young. The higher GLP-1 response observed in both older groups might be interpreted as a physiological response to prevent loss of early-phase IS. Nonetheless, this exaggerated GLP-1 response was not sufficient to normalize first-phase IS in the O-IGT. Notably, b-cell sensitivity to glucose was altered only in older subjects with IGT but not in those with NGT. This suggests resistance of the b cells to the incretin effect such that the gut responds to the glucose load with an exaggerated GLP-1 release in an attempt to exert normal IS responses. A negative feedback relationship between insulin and GIP has been proposed to exist (28) but was never convincingly demonstrated, and the influence of IS on GLP-1 secretion is unclear.
A deleterious effect of aging per se on b-cell function has not been consistently observed. For example, previous studies that used the hyperglycemic clamp technique have shown little or no decrease in IS, both first and second phase, with aging (29-31). Our results are therefore in line with previous findings showing that when early IS is preserved, older subjects have NGT.
The exaggerated GLP-1 response shown in this study is in line with the study from Ranganath et al. (32) . Yet others did not find any difference in GLP-1 concentration between younger healthy controls and older healthy controls and older subjects with T2DM (33). Unlike our study, these previous studies did not account for the level of IR (34) and did not exclude subjects with positive family history for T2DM, which is known to affect incretin responses (35) . We found that the incretin response to the glucose load is higher in older subjects (NGT and IGT) than in young controls, but b-cell sensitivity to glucose is altered only in older subjects with IGT. This finding indicates a resistance of the b cell to the incretin effect, and therefore the gut may respond to the glucose load with an increased incretin release to obtain similar insulin responses, although the mechanism remains obscure. We propose that with aging the b cell becomes resistant to the incretin effect, thus needing an increased release of GLP-1 and GIP to stimulate adequate IS in response to the glucose load.
Conclusions
We conclude that the incretin response in older adults is not impaired but rather increased. The insulin response in the older NGT group is similar to that of the young NGT group, suggesting that resistance of the b cell to the incretin effect could contribute to the glucose intolerance seen with aging.
